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(57) ABSTRACT

Described herein are architectures, platforms and methods
for implementing a direct estimation of a transmitter’s
position based upon raw radio frequency (RF) signals that
are received by a portable device. A mathematical operation
such as a maximum-likelihood estimation (MLE) algorithm,
which utilizes collected snapshots from the received raw RF
signals as variables, is implemented to perform direct esti-
mation.
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METHOD AND APPARATUS FOR
TRANSMITTER GEO-LOCATION IN
MOBILE PLATFORMS

BACKGROUND

[0001] An increasing number of wireless communication
standards as applied to a portable device and a trend towards
ever smaller, slimmer and lighter portable devices may
cause design challenges for antennas or antennae (hereinaf-
ter referred to as antennas in this document). Antennas
represent a category of components that may fundamentally
differ from other components in the portable device. For
example, the antenna may be configured to efficiently radiate
in free space, whereas the other components are more or less
isolated from their surroundings.

[0002] Antennas operating at millimeter wave (mm-wave)
frequencies—for high data rate short range links—are
expected to gain popularity. One example of such system is
called wireless WiGig, which operates at 60 GHz frequency
band and utilizes a waveguide structure for transmission or
reception of radio frequency (RF) signals at this operating
frequency. Current antenna designs to estimate a wireless
transmitter position may require inefficient use of multiple
analog-to-digital (A/D) samplers in all antenna channels of
an antenna array (i.e., one A/D sampler per antenna chan-
nel). As such, there is a need to improve estimation accuracy,
especially when weaker transmission signals are involved
during transmitter position estimation.

BRIEF DESCRIPTION OF THE DRAWINGS

[0003] The detailed description is described with refer-
ence to accompanying figures. In the figures, the left-most
digit(s) of a reference number identifies the figure in which
the reference number first appears. The same numbers are
used throughout the drawings to reference like features and
components.

[0004] FIG. 1 is an example arrangement of millimeter-
wave (mm-wave) portable devices during a mm-wave wire-
less communications as described in present implementa-
tions herein.

[0005] FIG. 2 is an example receiver circuitry configured
to implement direct estimation of a particular transmitter
position as described in present implementations herein.
[0006] FIG. 3 is an example process chart illustrating an
example method for implementing a direct estimation of a
transmitter position by a portable device.

DETAILED DESCRIPTION

[0007] Described herein are architectures, platforms and
methods for a direct estimation of a transmitter’s position
based upon raw radio frequency (RF) signals that are
received by a portable device. For example, the direct
estimation may be based upon the raw RF signals received
by at least one antenna array within the portable device
platform. In this example, a mathematical operation such as
a maximum-likelihood estimation (MLE) algorithm, which
utilizes collected snapshots from the received raw RF sig-
nals as variables, is implemented to perform the direct
estimation. In such a case, a typical requirement of initially
estimating and using an angle-of-arrival (AOA) as a basis
for a subsequent estimation of the transmitter position is
bypassed.
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[0008] As an example implementation described herein,
the RF signals are received through antenna(s) or elements
of different antenna arrays within a portable device platform.
For each antenna in the antenna array, the received RF signal
is phase shifted. For example, the phase shifting is taken
from a row of a Hadamard matrix.

[0009] With the phase shifted received RF signals at each
antenna of the antenna arrays, a combination step is imple-
mented to gather and combine the phase shifted received RF
signals into one received RF signal. The received RF signal
is thereafter converted into a baseband signal output and the
baseband signal output is transformed into digital baseband
signal by a single A/D converter per antenna array.

[0010] Subsequently therein, snapshots of the digital base-
band signal from each antenna array are taken and the
multiple snapshots for all antenna arrays are gathered to
obtain “N” snapshots. As described herein, the MLE algo-
rithm utilizes the “N” snapshots to generate a final trans-
mitter position.

[0011] FIG. 1 is an example arrangement 100 of portable
devices as described in present implementations herein. The
portable devices, for example, may utilize antenna arrays
with mm-wave waveguide structures to implement a line-
of-sight (LOS) wireless communication at WiGig frequency
band (i.e., 60 GHz). In this example, the antenna arrays may
be utilized further to facilitate position estimation (e.g.,
azimuth and/or elevation) of a transmitting antenna or
device.

[0012] As shown, the arrangement 100 illustrates a por-
table device 102 with multiple antenna arrays 104-2, 104-4
and 104-6; and another portable device 106 with a single
antenna array 108. The arrangement 100 further illustrates
an access point (AP) 110 with antenna arrays 112-2 and
112-4.

[0013] The portable device 102 may include, but is not
limited to, a tablet computer, a netbook, a notebook com-
puter, a laptop computer, mobile phone, a cellular phone, a
smartphone, a personal digital assistant, a multimedia play-
back device, a digital music player, a digital video player, a
navigational device, a digital camera, and the like.

[0014] The portable device 102 or 104 is considered as a
mm-wave portable device due to its feature or capability to
operate at WiGig operating frequencies. The portable device
102, for example, utilizes the antenna array 104-2 in a LOS
wireless communication with the other portable device 106
or the AP 110. In another example, the portable device 102
utilizes the antenna arrays 104-2 and 104-4 in receiving RF
signals from the AP 110. In these examples, each antenna
array 104 may be located at an open-end of the mm-wave
waveguide structure.

[0015] As described herein, the antenna arrays 104 are of
known orientation to the portable device 102. For example,
the antenna array 104-2 is optimally disposed on at least one
edge and of a certain distance (i.e., equal or less than half
wavelength) with respect to the other antenna array 104-4
within the portable device platform. In this example, the
known orientation of the antenna arrays 104 may be utilized
in the mathematical operation during the direct estimation of
a transmitter position such as the position of the transmitting
AP 110 or portable device 106.

[0016] For example, the portable device 102 detects and
receives RF signals from the AP 110 and/or the portable
device 106. In this example, the orientation of the antenna
arrays 104 may be picked up by a gyro sensor (not shown)
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within the portable device 102 and the orientation is utilized
as a reference variable in the mathematical operation to
calculate and distinguish the estimated position of the trans-
mitting AP 110 and/or the portable device 106.

[0017] Although the example arrangement 100 illustrates
in a limited manner basic components of mm-wave wireless
communications between the portable devices 102 and 106,
other components such as battery, one or more processors,
SIM card, etc. were not described in order to simplify the
embodiments described herein.

[0018] FIG. 2 illustrates an example receiver circuitry 200
that is configured to implement direct estimation of a
particular transmitter position. The receiver circuitry 200,
for example, forms part of the portable device 102 platform
and configured to estimate the position of the transmitting
AP 110. In this example, the transmitting AP 110 transmits
the RF signals that are received by the portable device 102.

[0019] As a general overview of FIG. 2, the RF signals, for
example, are received through a first antenna array 104-2;
phase shifted using Hadamard matrix principle; down-con-
verted into baseband signals; and converted into digital
baseband signals with the use of a single A/D converter per
antenna array. Thereafter, a mathematical operation is per-
formed to obtain a model of the received RF signal, which
includes a first set of “n” snapshots of the received digital
baseband signals in the first antenna array 104-2.

[0020] A similar operation (as discussed in the foregoing)
is performed for the RF signals received through the second
antenna array 104-4 to obtain a second set of “n” snapshots,
which is the model of the received digital baseband signals
through the second antenna array 104-4. After gathering all
of the obtained “n” snapshots from each antenna arrays 104
to obtain a total “N” snapshots, a mathematical operation
such as the MLE algorithm is performed to calculate the
estimated position of the transmitting AP 110.

[0021] With continuing reference to FIG. 2, the receiver
circuitry 200 includes a separate signal processing operation
for the first antenna array 104-2, and the second antenna
array 104-4. For purposes of illustration, the RF signals from
the transmitting AP 110 are assumed to be received, but not
limited to, by the antenna arrays 104-2 and 104-4. Based
from the received RF signals, the mathematical operations
described herein may directly facilitate the estimated posi-
tion (e.g., horizontal (x), vertical (y), and/or angular (z)
orientations) of the transmitting AP 110.

[0022] For the antenna array 104-2, the RF signals may be
detected and received through antennas 202-2, 2024, . . .
202-m where “m” may denote the number of elements or
antenna in the antenna array 104-2. With the received RF
signals at each of the antennas 202-2, 2024, . . . 202-m, band
pass filters (BPFs) 204 and low-noise amplifiers (LNAs) 206
may filter and amplify, respectively, the received RF signals
for each antennas 202-2, 202-4 . . . 202-m. Thereafter, each
amplified (and filtered) RF signal from the corresponding
LNAs 206 is phase shifted by a phase-shifter component
208, which combines the amplified RF signal from each
LNA 206 with a phase-shifting or weighting vector 210 to
generate phase-shifted (amplified) RF signal.

[0023] As described herein, the phase-shifting or weight-
ing vector 210 may include Hadamard matrix entries (i.e.,
+-1) defined as:
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[0024] where “W, ” variable is the phase-shifting or
weighting vector 210; the “® > denotes Kronecker matrix
product; and “e,,” variable is a MxI vector whose mth entry
is 1 and its remaining entries are Os.

[0025] With the phase shifted RF signal output from each
phase-shifting or weighting vector 210, a first combiner
component 212-2 is configured to combine all phase shifted
RF signal outputs from the “m” elements/branch (i.e., anten-
nas 202-2, 2024, . . . 202-m) of the first antenna array 104-2
to generate a combined phase shifted RF signal output.
Thereafter, the combined phase shifted RF signal output is
down-converted by a converter component 214 into base-
band signals. For example, the converter component 214 is
configured to mix the combined phase shifted RF signal
output from the first combiner component 212-2 with a
down-converting signal from a local oscillator (LO) 216.

[0026] In an implementation, the LLO 216 that supplies the
down-converting signal to the converter component 214-2
may be different from the LO that supplies another down-
converting signal to another converter component 214-4 as
shown by dotted lines. In such a case, the antenna arrays
104-2 and 104-4 as described herein may not necessarily be
synchronized to perform the direct estimation of the trans-
mitter position. Furthermore, the direct estimation of the
transmitter position may be implemented by a single antenna
array such as the antenna array 104-2 or antenna array
104-4.

[0027] After obtaining the baseband signal output from the
converter component 214, a magnitude-phase (I/Q) compo-
nent 218-2 is configured to process in-phase (I) and quadra-
ture (Q) components of the baseband signal before convert-
ing the 1/Q components into digital baseband signals. For
example, a single A/D converter component 220. (i.e., per
antenna array) is configured to convert the analog 1/Q
baseband signal into digital I/Q baseband signals.

[0028] As described in present implementations herein, a
second combiner component 222-2 may be configured to
generate a model of the RF signals received through the
antenna array 104-2. The model may include, for example,
a first set of “n” snapshots of the received RF signal from the
first antenna array 104-2. In this example, it is assumed that
complex gain of channel paths remains constant and does
not change between snapshots.

[0029] Concatenating all training field samples into a
vector, an nth snapshot may be defined as:

T
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[0030] where the variables “W,” is a phase-shift/weighting
vector for all possible phase shifts; variable “y; ,,” is a model
of'the received signal for all antenna/elements of the antenna
array; and the variable “H,,” is additive Gaussian noise.

[0031] In another form such as in matrix form, the nth
antenna array snapshot is given by:

Vi =Wap)prng, Eq. 1
[0032] where the variable “afp)” is a receiving array

steering vector with function “p” (i.e., position); and the
variable “B;” is an unknown complex gain associated with a
first channel tap that is observed by the “I’th array. In this
case, since the antenna arrays are co-located, the complex
attenuation coefficients are assumed to be correlated.
[0033] The operation and/or process described above for
the antenna array 104-2 may be implemented similarly to the
second antenna array 104-4. As shown, the RF signals
received through the second antenna array 104-4 may
undergo processing at BPFs 228, LNAs 230, phase shifting
components 232, a first combiner 212-4, a converter com-
ponent 214-4, an 1/Q component 218, a single A/D 220-4,
and finally, in matrix form, a second set of “n” snapshot is
derived from an output of a second combiner 222-4.
[0034] After gathering all “n” snapshots from the antenna
arrays 104-2 and 104-4 to obtain “N” snapshots, the MLE in
the presence of Gaussian additive noise is derived. That is,
given N snapshots collected from each array, the following
cost function is written as:

L N Eq. 2
2P =3 3" v = Wear(p)- BilI”
=1 n=1
[0035] Where the following is defined:
yel gy Eq. 3
A LAt et
YeN e N
[0036] where 1, is a Nx1 vector of 1s.
[0037] Using Eq. 3, the cost function Q(p) may be further
recast as:

L Eq. 4
O Brs 5 B = Y MIFp = Bl

=1

[0038] Using the Kronecker operator properties, the least
squares estimate of “f,” is given by,

B = (afa(’)ilafj’f Eq. 5
= ([1h 1] @[af wl wear]) ' af'5,

[0039] Since the variable “W,” is a Hadamard matrix, it is
noted that

wHW=M1 Eq. 6
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[0040] Furthermore, |jaJ|>=1, therefore it is derived:
N 1, Eq. 7
By = MmN a Yo

[0041] Furthermore still, it is denoted that & & a(a™a)'a”

and after substituting Eq. (7) back into Eq. 2, it is derived:

@) =y - 3|1 Eq. 8

=" - 3" - My

35 -3y - 370y + 57 11y

Hy- 3"y

1
sH o xxH o
Wy g ¥aa’y

1l
it

[0042] Since §7% is free of 6, and ¢,, minimizing Eq. 8 is
equivalent to maximizing the following cost function:

0. ¢) = ey Eq. 9

! Wad why,

M= M=

Tria" WHynyf Wa}

n

N
= Tr{aH WHZ ynyf Wa}
n=1

= a"w¥ Rwa

[0043] where Tr{-} denotes the matrix trace operator, and
R is the sample covariance matrix given by:

L& Eq. 10
R=syt
N;y Y

[0044] As described herein, the MLE of 6 and ¢ may be
stated as:

0. § = argmax{a” (0, p)Ra(@. 9)} e
6.9

where a(f, ¢) £ Wa.

[0045] Furthermore, the maximization of Eq. 11 may be
achieved via 2-dimensional grid search.

[0046] With regard to the MLE of p, the relationship

between the angle (i.e., 6 and ¢) and position may be defined
by Eq. 12 below.

-3y Eq. 12
ef(p):arctan(y f"] o
X -
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-continued
de(p) = arct Lz
V=52 + -3, )

[0047] Referring back to Eq. (2) to Eq. (7) above, the

following is denoted by m,£a,4,%a,)"'aZ. As such, it is
shown that H=n, and =, ‘7=,

[0048] After substituting Eq. 7 back to Eq. 2, the following
is derived:

Qe(p) =19 — T3l Eq. 13

=@y -3 00G, - e3))

1
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MoN Ade de
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[0049] Since y,7y, is independent of p, minimizing Eq. 13
is equivalent to maximizing the following cost function:

) L Eq. 14
o)=Y s,
=1

" H oy H
YenWearar W'y, ,

M I
M= 1t

Triaf Wi 3,8 Wear)

_\
I
X
il

N
Tr{af wl Z Yny, W(a(}

=1 n=l

a;," W(H R( Wea,
1

L
=

[0050] where Tr(-) denotes the matrix trace operator, and
R is the sample covariance matrix given by:

R Eq. 15
k= ﬁ; VenYi
[0051] The MLE of p may be stated as:
Eq. 16

L
p= argmax{z E(H(P)kﬁ((m}

4 =1

[0052] Where a,(p) = W,a,. As opposed to the maximiza-
tion of Eq. 11 above where a 2-dimensional grid search is
utilized, the maximization of Eq. 16 may be achieved via
3-dimensional grid search over {x, y, z} coordinates range.
[0053] With continuing reference to FIG. 2, a position
estimator component 224 may be configured to implement
the mathematical algorithm as described above. The position
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estimator may be further implemented as a firmware, soft-
ware, hardware, or a combination thereof. The mathematical
algorithm may facilitate an output 226, which is the esti-
mated actual position of the transmitting AP 110.

[0054] FIG. 3 shows an example process chart 300 illus-
trating an example method for a direct estimation of a
transmitter position by a portable device. For example, the
direct estimation may be based upon the received raw
signals from the transmitter and with the use of mathemati-
cal operations that may not require an initial estimation of
AOA, which is typically used as a basis for estimating the
transmitter position. The order in which the method is
described is not intended to be construed as a limitation, and
any number of the described method blocks can be com-
bined in any order to implement the method, or alternate
method. Additionally, individual blocks may be deleted from
the method without departing from the spirit and scope of
the subject matter described herein. Furthermore, the
method may be implemented in any suitable hardware,
software, firmware, or a combination thereof, without
departing from the scope of the invention.

[0055] At block 302, receiving RF signals by at least one
antenna array is performed. For example, a portable device
(e.g., portable device 102) detects and receives mm-wave
wireless signals or RF signals through antenna arrays 104.
[0056] As described herein, the portable device 102 may
include unsynchronized two or more antenna arrays 104 to
receive the RF signals. For example, the unsynchronized
two or more antenna arrays 104 may be connected to
different L.Os within the portable device 102. In this
example, the estimation of transmitter position as described
herein may utilize a single antenna array 104, or multiple
antenna arrays 104.

[0057] At block 304, phase-shifting of the RF signal at
each antenna of the at least one antenna array is performed.
For example, a Hadamard matrix algorithm may facilitate
the phase shift for each received RF signal on each antenna
of'the at least one antenna array 104. The phase shifts are of
+m or —x (i.e., 1) phase shifts and are taken from rows of
a Hadamard matrix.

[0058] At block 306, combining the phase shifted RF
signals is performed. For example, the first combiner com-
ponent 212-2 may combine phase shifted RF signal from
different antenna/elements of the antenna array 104-2.
Thereafter, the combined phase shifted RF signals are trans-
formed into baseband signals by converter component 214.
[0059] At block 308, converting baseband signals into
digital signals is performed. For example, a single A/D for
each antenna array 104 is utilized to perform analog to
digital conversion of the baseband signal, which is derived
from the combined phase shifted RF signal output of the first
combiner component 212-2.

[0060] Atblock 310, performing a mathematical operation
to estimate a transmitter position based upon the combined
phase shifted RF signals. For example, given N snapshots
that are collected from each antenna array 104, the cost
function is derived to generate the estimated position of the
transmitter.

[0061] The following examples pertain to further embodi-
ments:
[0062] Example 1 is a method of estimating a transmitter

position, the method comprising: receiving radio frequency
(RF) signals by at least one antenna array; phase shifting the
received RF signal at each element of the least one antenna
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array; combining the phase shifted RF signals and trans-
forming the combined phase shifted RF signals into base-
band signals; converting the baseband signals into digital
baseband signals; andgenerating snapshots of the received
digital baseband signals with a maximum likelihood esti-
mation (MLE) operation to generate an estimated transmitter
position.

[0063] In example 2, the method as recited in example 1,
wherein the phase shifting of the received of the RF signals
comprises generating phase shifts from a row of'a Hadamard
matrix.

[0064] In example 3, the method as recited in example 1,
wherein the converting into digital baseband signals com-
prises using a single analog to digital (A/D) converter per
antenna array.

[0065] In example 4, the method as recited in example 1,
wherein the generating snapshots comprises generating
separate snapshots per antenna array, and gathering the
separate snapshots for all antenna arrays.

[0066] In example 5, the method as recited in example 1
further comprising filtering and amplifying the received RF
signals prior to the phase shifting.

[0067] In example 6, the method as recited in example 1,
wherein the converting into digital baseband signals com-
prises using different local oscillators per antenna array.

[0068] In example 7, the method as recited in example 6,
wherein the antenna array is synchronized separate from any
other antenna array.

[0069] In example 8, the method as recited in example 1,
wherein the MLE is operation is based on a Gaussian
additive noise.

[0070] Inexample 9, the method as recited in example any
of'examples 1 to 8, wherein the estimated position comprises
an azimuth and an elevation of the transmitter position.

[0071] Example 10 is a device comprising: at least one
antenna array configured to receive radio frequency (RF)
signals; a phase-shifter component configured to each ele-
ment of the at least one antenna array, the phase-shifter
component is configured to shift phase of the received RF
signal at each element of the least one antenna array; a first
combiner component configured to combine the phase
shifted RF signals; a converter component configured to
transform the combined phase shifted RF signals into base-
band signals; an analog to digital (A/D) converter compo-
nent configured to convert the baseband signals into digital
baseband signals; anda position estimator component con-
figured to generate snapshots of the received digital base-
band signals, with a maximum likelihood estimation (MLE)
operation to generate an estimated transmitter position.

[0072] Inexample 11, the device as recited in example 10,
wherein the phase-shifter component is configured to gen-
erate phase shifts from a row of a Hadamard matrix.

[0073] Inexample 12, the device as recited in example 10,
wherein the converter component comprises a single analog
to digital (A/D) converter per antenna array.

[0074] In example 13, the device as recited in example 10
further comprising a local oscillator configured to supply a
down-converting signal to the converter component.

[0075] Inexample 14, the device as recited in example 13,
wherein the antenna array is synchronized separate from any
other antenna array.
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[0076] Inexample 15, the device as recited in example any
of examples 10 to 14, wherein the position estimator com-
ponent is configured to calculate the MLE based on a
Gaussian additive noise.

[0077] Example 16 is a receiver circuit comprising: at
least one antenna array with multiple elements configured to
receive radio frequency (RF) signals on each element; a
phase-shifter component at each element of the at least one
antenna array, the phase-shifter component configured to
shift phase of the received RF signal at each element of the
least one antenna array; a first combiner component config-
ured to combine the phase shifted RF signals from each
element of the at least one antenna array; a converter
component configured to transform the combined phase
shifted RF signals into baseband signals; an analog to digital
(A/D) converter component configured to convert the base-
band signals into digital baseband signals; and a position
estimator component configured to perform a maximum
likelihood estimation (MLE) operation on the received digi-
tal baseband signals to generate an estimated transmitter
position.

[0078] In example 17, the receiver circuitry as recited in
example 16, wherein the phase-shifter component is con-
figured to generate phase shifts from a row of a Hadamard
matrix.

[0079] In example 18, the receiver circuitry as recited in
example 16 further comprising a local oscillator configured
to supply a down-converting signal to the converter com-
ponent.

[0080] In example 19, the receiver circuitry as recited in
example 16 wherein the position estimator component is
configured to calculate the MLE based on a Gaussian
additive noise.

[0081] In example 20, the receiver circuitry as recited in
example any of examples 16 to 19, wherein the converter
component comprises a single analog to digital (A/D) con-
verter per antenna array.

What is claimed is:
1. A method of estimating a transmitter position, the
method comprising:

receiving radio frequency (RF) signals by at least one
antenna array,

phase shifting the received RF signal at each element of
the least one antenna array;

combining the phase shifted RF signals and transforming
the combined phase shifted RF signals into baseband

signals;
converting the baseband signals into digital baseband
signals; and

generating snapshots of the received digital baseband
signals with a maximum likelihood estimation (MLE)
operation to generate an estimated transmitter position.

2. The method as recited in claim 1, wherein the phase
shifting of the received of the RF signals comprises gener-
ating phase shifts from a row of a Hadamard matrix.

3. The method as recited in claim 1, wherein the convert-
ing into digital baseband signals comprises using a single
analog to digital (A/D) converter per antenna array.

4. The method as recited in claim 1, wherein the gener-
ating snapshots comprises generating separate snapshots per
antenna array, and gathering the separate snapshots for all
antenna arrays.
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5. The method as recited in claim 1 further comprising
filtering and amplifying the received RF signals prior to the
phase shifting.

6. The method as recited in claim 1, wherein the convert-
ing into digital baseband signals comprises using different
local oscillators per antenna array.

7. The method as recited in claim 6, wherein the antenna
array is synchronized separate from any other antenna array.

8. The method as recited in claim 1, wherein the MLE is
operation is based on a Gaussian additive noise.

9. The method as recited in claim 1, wherein the estimated
position comprises an azimuth and an elevation of the
transmitter position.

10. A device comprising:

at least one antenna array configured to receive radio
frequency (RF) signals;

a phase-shifter component configured to each element of
the at least one antenna array, the phase-shifter com-
ponent is configured to shift phase of the received RF
signal at each element of the least one antenna array;

a first combiner component configured to combine the
phase shifted RF signals;

a converter component configured to transform the com-
bined phase shifted RF signals into baseband signals;

an analog to digital (A/D) converter component config-
ured to convert the baseband signals into digital base-
band signals; and

a position estimator component configured to generate
snapshots of the received digital baseband signals, with
a maximum likelihood estimation (MLE) operation to
generate an estimated transmitter position.

11. The device as recited in claim 10, wherein the phase-
shifter component is configured to generate phase shifts
from a row of a Hadamard matrix.

12. The device as recited in claim 10, wherein the
converter component comprises a single analog to digital
(A/D) converter per antenna array.

13. The device as recited in claim 10 further comprising
a local oscillator configured to supply a down-converting
signal to the converter component.
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14. The device as recited in claim 13, wherein the antenna
array is synchronized separate from any other antenna array.

15. The device as recited in claim 10, wherein the position
estimator component is configured to calculate the MLE
based on a Gaussian additive noise.

16. A receiver circuit comprising:

at least one antenna array with multiple elements config-
ured to receive radio frequency (RF) signals on each
element;

a phase-shifter component at each element of the at least
one antenna array, the phase-shifter component config-
ured to shift phase of the received RF signal at each
element of the least one antenna array;

a first combiner component configured to combine the
phase shifted RF signals from each element of the at
least one antenna array;

a converter component configured to transform the com-
bined phase shifted RF signals into baseband signals;

an analog to digital (A/D) converter component config-
ured to convert the baseband signals into digital base-
band signals; and

a position estimator component configured to perform a
maximum likelihood estimation (MLE) operation on
the received digital baseband signals to generate an
estimated transmitter position.

17. The receiver circuitry as recited in claim 16, wherein
the phase-shifter component is configured to generate phase
shifts from a row of a Hadamard matrix.

18. The receiver circuitry as recited in claim 16, wherein
the converter component comprises a single analog to digital
(A/D) converter per antenna array.

19. The receiver circuitry as recited in claim 16 further
comprising a local oscillator configured to supply a down-
converting signal to the converter component.

20. The receiver circuitry as recited in claim 16 wherein
the position estimator component is configured to calculate
the MLE based on a Gaussian additive noise.

#* #* #* #* #*



